Abstract The American visceral leishmaniasis is an important cause of morbidity and mortality in Brazil for both humans and dogs. Attempts to make a diagnosis of this disease need to be improved, especially in endemic areas, and in the tracking and screening of asymptomatic dogs, which are their main host in urban areas. A quartz crystal microbalance immunosensor for the diagnosis of the canine visceral leishmaniasis using a recombinant antigen of Leishmania chagasi (rLci2B-NH6) was developed. The rLci2B-NH6 was tightly immobilized on a quartz crystal gold electrode by self-assembled monolayer based on short-chain length thiol. The strategy was the use of the antigen-histidine tail covalently linked to glutaraldehyde performing a Schift base which permits a major exposure of epitopes and a reduced steric hindrance. The immunosensor showed good results regarding sensitivity and reproducibility, being able to distinguish positive and negative canine serum for L. chagasi. Furthermore, the immunosensor can be reused through exposure to sodium dodecyl sulfate solution, which promotes the dissociation of antigen-antibody binding, restoring the sensor surface with immobilized biologically active antigens for further analysis.
Introduction
American visceral leishmaniasis is a severe systemic disease caused by the intracellular protozoan, Leishmania chagasi, which occurs in Central and South America and some endemic areas of North America [1] . Dogs are considered the main host of the parasite, which is transmitted by the Lutzomyia longipalpis sandfly. The monitoring of canine visceral leishmaniasis (CVL) is important to control the parasite transmission to man [2] . Dogs usually develop the visceral form of the infection, with highly variable clinical appearances. The control of the CVL is difficult due to four main reasons: (1) The development of clinical symptoms from the moment of infection is unpredictable, being the signs common to other diseases [3] . ( 2) The splenic biopsy and bone marrow punctures necessary for parasitological diagnosis are invasive and need hospital facilities, the laboratory techniques are time consuming and variable in terms of sensitivity, which depends on the parasite load in the dog [4] . (3) Serological tests such as indirect immunofluorescence antibody test (IFAT) and enzyme linked immuno-sorbent assay (ELISA) for the antibodies detection have been widely used [5, 6] . The sensitivity and specificity are 100% and 96.6% for ELISA, respectively, 100% and 65.5% for IFAT (cutoff at a 1:40 dilution), 100% and 83.4% for IFAT (cutoff at a 1:80 dilution), and 22.2% and 97.0% for eluate IFAT [7] . The ELISA is the best tool for the diagnosis of CVL among the serological techniques tested. However, the ELISA is time consuming because it relies on several biochemical steps. (4) The polymerase chain reaction (PCR) is highly sensitive and specific but is not practical for screening testing because it is time consuming and requires specialized skills and high cost [8] . Thus, the development of practical and real-time methods to detect quantitatively the reaction antigenantibodies in real time without labels or reagents is desirable.
Immunosensors are affinity ligand-based biosensing devices that couple immunochemical reactions to appropriate transducers. As a sensitive surface mass sensor, quartz crystal microbalance (QCM) has been extensively applied as transducer in biosensing for the detection of various pathogens [9] . The QCM is a variant of acoustic wave microsensors that are capable of ultrasensitive mass measurements. Under favorable conditions, a typical QCM can measure a mass change of 0.1-1 ng/cm 2 . QCM oscillates in a mechanically resonant shear mode under the influence of a high-frequency AC electric field which is applied across the thickness of the crystal. A piezoelectric sensor comprises a quartz crystal electrode consisting of two metal films (gold) deposited on both sides of the crystal coupling to an oscillator circuit. The mass change is measured when a biological adsorbent material interacts with its complementary species on the electrode surface, increasing the dielectric strength of the crystal and consequently reducing the oscillation of electric frequency [10] . The relationship between the frequency shift (Δf) of the quartz crystal resonator and changes of its mass per unit surface area (Δm), can be described by the Sauerbrey equation (Eq. 1):
where, μ q and ρ q are the shear modulus and the density of the quartz (2.95 10 11 dyn/cm 2 and 2.65 g/cm 3 , respectively), f 0 is the fundamental oscillation frequency of the dry crystal, and Δm is the mass of the material adsorbed on the surface per unit/area. As molecules adsorb onto the electrode, the oscillation frequency of the quartz crystal decreases and vice versa. The main advantage of piezoelectrical immunosensors is the possibility to directly monitor the immunoreactions in real time without the need to use labels or reagents; they can be portables for measurements in situ, and also it can be reusable, ready for another test, after dissociation of the immunocomplex, reducing the costs of analysis [11] .
QCM and the combination of QCM with electrochemistry have been widely employed for the determination of metals deposited onto the crystal, studies of ion-transport processes in polymer films, biosensor developments, and investigations of the kinetics of adsorption/desorption of adsorbate molecules [12, 13] . Since piezoelectric immunosensor carries out direct measurements without labeled reagent, biomolecular receptor with high specificity to avoid significant interference of cross-reactions are required. Recently, the use of recombinant antigen based on DNA technology has provided serological diagnostics that are more reliable since the specificity of the antigen can be achieved easier than using whole extracts [14] .
The way the receptors are fixed on the electrode surface and maintained during the reactions is strongly dependent on the specificity and sensitivity of the immunosensor. A great variety of methods suitable for the immobilization of immunoreceptors has been described in literature. Physical adsorption proves the easiest immobilization method, but it often suffers from random orientation and denaturation of immobilized biomolecules, yielding poor reproducibility [15] . A more stable immobilizations of receptors are obtained by covalent attachment yielding better reproducibility. Covalent immobilization of antigens or antibodies, however, can cause steric hindrance, which results in the loss of binding capability, which consequently reduces the sensitivity of QCM immunosensor [16] . Due to these reasons, the choice of a proper immobilization method is strongly required for the success of the immunosensors [17] . Selfassembled monolayers (SAMs) on gold supports are commonly performed by the ordering of organic thiols disposed in multiple layers resulting in high stability on the receptors immobilization. Moreover, one of the advantages of SAM includes their ease of preparation and the possibility of introducing different chemical functionalities resulting in an oriented immobilization [18] . The incorporation of the appropriate chemical functionality with some molecular level control into the highly ordered monolayers allows the preparation of surfaces with tailor-made properties. In this work, a reliable sensor was developed using the rLci2B-NH6 recombinant antigen of L. chagasi immobilized via SAM. The good sensitivity and specificity was achieved by the use of glutaraldehyde as a bi-functional agent to covalently link to the amine group of the histidine tail of the rLci3B leaving the antigenic portion free to antibodies bound without steric hindrance.
Experimental

Reagents
Cysteamine (hydrochloride) glutaraldehyde, glycine and sodium dodecyl sulfate (SDS) were supplied by SigmaAldrich (USA) and potassium hexacyanoferrate(III) which was acquired from VETEC Inc. (Brazil). All other reagents were of analytical grade. The water used to prepare of all solutions was obtained from a Milli-Q water purification system (Millipore, USA).
Recombinant antigen rLci2B-NH6
The L. chagasi recombinant antigen (rLci2B-NH6) used was produced and purified by our group. The recombinant antigen was performed by a recombinant protein with 70 kDa (rLci2B-NH6) bound to a group of six histidine fuzioned by their amine terminal group. The rLci2B-NH6 developed was homologue to the kinesin, a protein of the cytoskeleton of the Leishmania, located in the cynetoblast of the parasite and represented a fragment of the heat shock protein of 70 kDa (HSP70) from L. chagasi. Recombinant DNA-derived L. chagasi antigen rLci2B-NH6 was obtained from the strain of Escherichia coli BL21(DE) pLysS containing the gene of L. chagasi rLci2B-NH6. The strain was cultivated and expanded in 0.1 mM IPTG (isopropyl beta-D-thiogalactopyranoside) induction for the production and purification of recombinant antigen of L. chagasi (rLci2B-NH6) as a histidine-tagged protein. This antigen potential for serodiagnosis of CVL was previously tested by ELISA using sera from dogs with the following conditions: (a) 46 dogs naturally infected with Leishmania, detected by splenic aspirate and culture of CVL from endemic areas which were either polysymptomatic (21 dogs), oligosymptomatic (21 dogs), or asymptomatic (four dogs); (b) 31 dogs from Leishmania-free areas: seven with demodicosis, four with babesiosis, and 20 dogs with ehrlichiosis. All diseases were parasitologically confirmed. These assays showed sensitivities and specificities above 90% (nonpublished data). L. chagasi kinesin was already tested with an immunoassay kit which showed nonreactive to the other trypanosomatidae [19, 20] .
Canine serum
The canine serum samples were obtained from dogs naturally infected with L. chagasi from endemic area, detected by splenic aspirate cultivation. All infections were parasitologically confirmed. In addition, sera from healthy mongrel dogs housed in a nonendemic area were used as controls. The protocol for animal handling was approved by the Ethics Committee on Animal Use of the Research Center Gonçalo Muniz-Fiocruz-Bahia, Brazil.
Apparatus
The experimental setup consisted of Quartz Crystal Microbalance Research System (RQCM; Maxtec Inc., Salt Lake City, UT) with a high-performance phase-lock oscillator circuit that provides superior measurement stability over a high-frequency range. The RQCM was coupled to microcomputer and a potentiostat-galvanostat (Autolab, PGstat 12) which was, in turn, controlled by a GPES software (version 4.9).
All measurements of frequency and current were carried out using a tri-electrode system. The quartz crystal electrode 9 MHz (Maxtec Inc.) as a working electrode, Ag/AgCl as reference electrode and helicoidal platinum wire, as auxiliary electrode set in an electrochemical cell (40 mL). The quartz crystal electrode was an AT-cut type (diameter, 25.1 mm) with Au electrodes on both sides (12.25 mm; 6.25 mm in diameter; 1.17 cm 2 area).
Immobilization of the rLci2B-NH6
Prior the rLci2B-NH6 immobilization, the gold quartz crystal electrode was pretreated using 0.5 M NaOH solution for 3 min, and washed (3×) with ethanol and distilled water to obtain a clean gold surface. After that, a phosphatebuffered saline (PBS) solution, pH 7.4 containing 50 mM cysteamine was applied to one side of the gold electrode for 2 h, at room temperature to form an assembled monolayer. Then, the gold electrode was washed in PBS and incubated with 2.5% (v/v) glutaraldehyde solution for 45 min and washed with PBS three times. The modified gold electrode was incubated with rLci2B-NH6 antigen (3 μg/mL) for 1 h. After the immobilization of the recombinant antigen, a solution of 50 mM glycine was applied on the quartz crystal electrode to block the remaining reactive free aldehyde groups of the glutaraldehyde, in order to minimize the nonspecific binding. When not in use, the quartz crystal electrode was stored at 4 to 8°C.
Immunosensor reactivity to L. chagasi antibodies Analytical response of the immunosensor to L. chagasi antibodies was evaluated by applying 200 μL of canine serum samples diluted at 1:400 in PBS for 15 min on the active area of the quartz crystal electrode (0.8 cm i.d.). The protocol for measurement of frequencies of the rLci2B-NH6 immobilized quartz crystal electrode (with and without the tested serum) consisted of four PBS washings for 2 min each followed by its immersion in the electrochemical cell filled with PBS. The frequency shifts were proportional to the amount of antibodies against L. chagasi bound on the crystal electrode, as expected for a mass sensitive device.
The dissociation of the immunocomplex to reuse the immobilized antigen was carried out by applying 0.1% (v/v) SDS for 3 min followed by three PBS washes.
Statistical analysis
The cutoff of the immunosensor was defined as the average delta frequency (Hz) plus two standard deviations of values obtained by using sera from healthy controls dogs (95% CI). The proportion of positives and negatives sera from L. chagasi-infected and non infected dogs (confirmed by splenic aspirate culture) allowed us to calculate the assay sensitivity and specificity, respectively. The statistical analysis was processed in the Origin 8 statistic program (OriginLab Co., USA). The results of the ELISA and immunosensor were compared by paired t test, and the reproducibility of immunosensor was evaluated by variation within and between assays.
Results and discussion
Immobilization of recombinant antigen
A convenient way of tailoring the surface in the molecular level is through the inclusion of some well-known receptor molecules in the monolayers to be used as a support for molecular recognition at the surface through the formation of inclusion complexes by host-guest interaction. An amine group was introduced by aminoethanothiol (cysteamine) that was adsorbed on the quartz electrode by thiol-gold interaction. The amine groups of cysteamine provided reaction sites for covalently bind to the glutaraldehyde. The rLci2B-NH6 antigen was then immobilized through Schiff base via glutaraldehyde by histidine tail (Fig. 1a) . Then, the immunosensor response was obtained by recognition of immobilized rLci2B-NH6 antigen.
The SAM formation is essentially an organization of molecules at the solid-liquid interfaces induced by strong chemisorption between the substrate and the head group. The main objective is to attain the capability of assembling individual molecules into highly ordered was assembled for obtaining of an ultrathin organic film of controlled thickness and desired functions. The monolayers can be characterized by a variety of methods including physical measurements like contact angle and wettability, different electrochemical investigations, Infrared and X-ray photoelectron spectroscopic methods, scanning probe microscopes etc. More specifically, electrochemical techniques are especially useful for monitoring monolayer quality for immunosensors [21] . For example, although a monolayer can completely cover the metal surface, some "pinhole," which are the result of imperfect adsorption of the alkanethiol to the gold surface during the self-assembly step and/or subsequent loss of the thiol during rinsing, storage, or use, are always present and this type of pinhole causes a direct contact of redox active molecule with the electrode surface. Quantitative analysis of coverage can be calculated by cyclic voltammetric investigations [22] . Considerable attention has been focused on self-assembled monolayers of cysteamine on gold electrodes [23, 24] . Compared with the response on a bare gold electrode, Fe (CN) 6 3−/4− exhibits better reversibility on a cysteamine modified gold electrode due to the attractive electrostatic forces between the protonated amine groups of cysteamine and Fe(CN) 6 3−/4− [25] . The differences in the structures of carbon chains of monomers may lead to distinctions in the packing of the SAM formed by these thiols. The location and intensity (area) of the redox peaks can be used in the characterization of the monolayers with respect to their degree of coverage and stability. Figure 2 shows cyclic voltammograms using 1 mM K 3 Fe(CN) 6 3/4− in 0.1 M aqueous KCl as the redox probe, obtained at cysteamine and glutaraldehyde-cysteamine. When the electrode surface is modified, the electron transfer kinetics of Fe(CN) 6 3−/4− is perturbed. As shown in Fig. 2 , the stepwise assembly of cysteamine and glutaraldehyde molecule on quartz crystal gold electrode is accompanied by a decrease in the amperometric response of the electrode of the redox probe. This is consistent with the enhanced electron transfer barriers introduced upon the assembly of these layers [25, 26] and indicates that cysteamine SAMs was successfully assembled. The differences in the length of carbon chains of monomers may lead to distinctions in the packing of the SAM formed by these thiols. For the alkanethiols with shorter chain length (cysteamine), the decrease on the redox peaks is lower than obtained with long chain length [27] .
Quantitative analysis of coverage can be calculated by cyclic voltammetric investigations. The surface coverage (θ) was calculated by Eq. 2, where Q Bare is the charge of the bare quartz crystal electrode and Q SAM is the charge of the modified electrode by cysteamine, calculated from the area under the peak redox from cyclic voltammogram (Fig.2) . The surface coverage of cysteamine by monolayer was 0.0367% according to Eq. 2, assuming that the SAM formation process was described by simple Langmuir adsorption kinetics. The presence of glutaraldehyde in SAM provided a congenial microenvironment similar to a protein in a native system, thus retaining their bioactivity and allowing the protein (rLci2B-NH6) more freedom in orientation. This is due to histidine tail by amine groups and is thus facilitated by a closer approach of the protein to the sensing surface.
The immunosensor response
In the liquid medium, there are some parameters that influence the oscillation frequency of crystal. In addition to the thickness, density and the shear modulus of the quartz wafer which change the resonant frequency of the crystal; physical parameters of the adjacent medium such as density or viscosity of the liquid can cause fluctuations during the measurements [28] . These last parameters, resulting from the different liquid media used, such as sample and carrier buffer, need to be corrected to avoid fluctuations on the analytical response. For this reason, in all measurements, the electrical frequencies were obtained in PBS to correct the baseline. The calibration curve was obtained by successive incubations with same canine serum of 1:400 diluted in PBS (200 μL). The samples containing antibodies against L. chagasi were incubated for 15 min. Prior to frequency measurements, the crystal was previously PBS washed. The immunosensor response was proportional to number of incubation and resulted in a good linearity (r=0.9872, p<0.01, n=13) with a low relative error (1.89%) (Fig. 3a) . The selectivity of the immunosensor was tested by its incubating with the control (negative serum) and the response was practically constant for different incubations (Fig. 3b) . The levels of antibodies in serum samples were correlated between the proposed immunosensor and ELISA test as standard. It was verified a high correlation occurred between two methods (r=0.990, n=7, p<< 0.05). Through analysis of paired t test, it was observed that there was no statistically significant difference between the two methods (ELISA and immunosensor; p=0.3415). Moreover, the serum samples with low values of optical density in ELISA also showed low and almost unchanging values of frequency delta with the immunosensor method (Fig. 3c) .
The specificity of an immunosensor is evaluated in relation to the amount of nonspecific bindings that occur on the electrode surface. One way of studying, it is by diluting a serum sample in order to reduce nonspecific bindings until it be possible to discriminate a positive sample. The serum samples were diluted at 1:400, 1:800, 1:1,600, and 1:3,200. It was possible to discriminate positive serum of up to 1:1,600 (Fig. 4a ). An analysis of the squared correlation coefficients obtained from the calibration curves with different dilution ratio of the canine serum was performed. It was observed a maximal dilution ratio at 1:600, which was able to discriminate a positive canine L. chagasi serum. When the canine serum 1:3,200 diluted was tested, the frequencies measured were not linear dependent (Fig. 4b) . Regarding sensitivity, this immunosensor showed to be capable to detect a lower antigen concentration (3 μg/mL) than the ELISA method [29, 30] .
The parasitological diagnosis in samples of bone marrow aspiration biopsy, lymph nodes or spleen obtained by fine needle aspirative biopsy, still considered the gold standard methods for confirming canine leishmaniasis. In laboratory, such samples can be directly examined by microscope, utilized in PCR tests, seeded in culture medium for Leishmania or even subjected to immunochemical techniques with monoclonal antibodies to find and/or quantify the parasites. However, they present a greatly variable sensitivity, which depends not only on the expertise of the analyser [6] , but also on the distribution of parasites in those dog tissues. For instance, a given dog can be infected, but having none parasites in a possibly sampled bone marrow. For this reason, nowadays, the combination of two serological methods (ELISA and IFAT) is frequently used for a certain diagnosis [2] , despite time consuming and expensive. In the present study, the immunosensor method showed high sensitivity and specificity with regards to the parasitological biopsy tests, by using the cutoff at 10.5% Hz, as previously established (Fig. 3c) . Thus, this assay may be a promising tool to be used in clinical diagnosis, since it is practical, reliable, and fast
Reuse of the immunosensor
The reuse of the immunosensor is an important challenge in order to obtain a low-cost analytical method. One of the most important aspects is related to the preservation of the immunoreactivity of the immobilized antigen on the surface of the quartz crystals electrode. The reuse is possible by dissociation of antigen-antibody complex using acidic or basic solution, however high concentrations of these solutions can lead to an inactivation of the immobilized molecule [31] . In this work, different dissociation agents were tested to remove the bound antibodies: 25 mM glycine-HCl (pH 2.3), 0.5 M NaCl (pH 7.0), 0.1% SDS (pH 6.5), 2 M urea (pH 7.2), and 0.2 M NaOH (pH 8.0). The frequency shift observed on addition of these solutions was used to measure the dissociation grade of the antigenantibody complexes. There were no significant differences in the dissociation grade when NaCl, glycine-HCl, and NaOH solutions were added to the quartz crystal electrode for 1 min. In this case, it was observed a dissociating grade Gly-HCl NaCl SDS urea NaOH (a) Fig. 5 Comparative study of the dissociation grade (in %) of antigenantibody using different agents (a (Fig. 5a) . When choosing the antigen-antibody, dissociating agent, other important parameters should be considered such as the preservation grade of the immunoreactivity of immobilized biomolecules, because aggressive solvents can significantly alter their behavior and overall performance [32] [33] [34] . In this study, the use of SDS provided a high degree of dissociation with maintenance of reactivity, probably due to the SDS pH being near the neutral pH and physiological. In the immunosensor area, surfactants and other chaotropes are often used to disrupt a biorecognition element/analyte binding event in order to reset high affinity bioprobes for reuse [35, 36] . Thus, the SDS was selected as dissociation agent to the following assays.
Additional studies applying the SDS solution for 3 min, showed that a concentration of 0.1% SDS was optimally considered for dissociation of antigen-antibody interaction (Fig. 5b) . This concentration produced 95% of dissociation. Moreover, in this concentration the antigen activity was preserved, after dissociation, and the baseline was restored permitting new incubations of canine serum (Fig. 5c) .
pH dependence and reproducibility on the immunosensor response
The pH of the canine serum was studied with regards to the response to the immunosensors, by incubating 200 mL of canine serum at 1:400 dilution on the quartz crystal electrode in 10 mM PBS. The optimal frequency responses were established pH 7.4, that is also similar to the physiological pH of the canine serum, then this pH was chosen for all remaining studies (Fig. 6a) .
It was calculated that the coefficient of variation between assays obtained from three different calibration curves (three electrodes) was equal to r 2 =0.983 (n=7). These data were processed in ORIGIN software version 8.0, (Microsoft, USA). The value of coefficient of variation between assays was of 7%. The analysis of frequencies shift by successive incubations of canine serum at 1:400 dilution on the surface of the three crystals with immobilized antigen rLci2B-NH6 showed that the normalized frequency responses between the crystals did not show statistically significant difference. The analysis of variation within assay showed a good correlation coefficient (r=0.981) and a high reproducibility, with a coefficient of variation within test of 6% (Fig. 6b) .
This reliable immunosensor can be applied to monitor the canine visceral leishmaniasis in serum samples of dogs which can consequently lead to greater transmission control of the parasite to man.
Conclusions
The QCM immunosensor based on the rLci3B recombinant antigen was successfully applied to the analysis of antibodies against L. chagasi in canine serum up to 1:3,200 diluted. This immunosensor is a direct method of anti-L. chagasi antibodies measurement, without involving marker, making the test faster and simpler than conventional methods. This immunosensor can be portable and is practical for screening testing use in endemic areas of the world and it can be applied to monitor canine visceral leishmaniasis, using serum samples of dogs from endemic areas which can consequently help to improve the transmission control of American visceral leishmaniasis.
